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Another multifunctional protein, the yeast origin recognition complex (ORC), binds the essential ARS core consensus sequence and not only is required for DNA replication but also is involved in transcriptional silencing (Bell & Stillman, 1992; Foss et al., 1993; Li & Herskowitz, 1993; Bell et al., 1993; Micklem et al., 1993) . In addition, the TATA-element binding protein, TBF, has been implicated in the activation of yeast origins of replication (Lue & Komberg, 1993) .
Although these are proteins that preferentially recognize duplex DNA, single-stranded DNA binding proteins also appear to carry out multiple functions in eukaryotic cells. The best characterized of these is RPA (also known as RF-A and HSSB), which is essential for SV40 replication in vitro (Wobbe et al., 1987; Wold & Kelly, 1988; Fairman & Stillman, 1988) , and has been shown to interact with transcriptional activators such as GAL4, VP16, and the tumor suppressor p53 (Li & Botchan, 1993; He et al., 1993; Dutta et al., 1993) . RPA displays a strong preference for pyrimidines in single-stranded DNA (Kim et al., 1992) , but has also been reported to mediate both transcriptional repression and activation in yeast by binding to specific regulatory sites in duplex DNA (Luche et al., 1993) . Similarly, the yeast MCM1 protein binds to a single strand of its duplex recognition site (Grayhack, 1992) and is required for the function of at least some yeast ARS sequences in addition to serving as a transcription factor (Jarvis et al., 1989; Passmore et al., 1989) .
In the ciliated protozoan Tetrahymena thermophila, both duplex and single-stranded DNA binding proteins that interact with Type I repeat sequences upstream of the rRNA genes (rDNA) have been identified (Umthun et al., 1994 (Cech & Brehm, 1981; Cech, 1986) . Domains 1 and 2 are nuclease-hypersensitive regions that lie within añ 420 bp imperfect duplication (Palen & Cech, 1984) . Conserved sequence elements designated Type 1, II. and III repeats are indicated (Challoner et al.. 1985; Niles et al., 1981) . Asterisks denote Type I elements altered in C3-rmm mutants defective in rDNA replication and/or maintenance in the macronucleus (Larson et al., 1986; Yaeger et al., 1989 (Yao. 1986; Kapler. 1993) (Figure 1 ). Type I repeat sequences are evolutionarily conserved sequence elements found within the 5' nontranscribed spacer region (5'NTS) of the rDNA, both in the replication origin region mapped by electron microscopy (Cech & Brehm. 1981) and in the transcriptional promoter region (Challoner et al., 1985; Niles et al., 1981 (Umthun et al., 1994 Figure 1C ).
Methods
Tetrahymena Cell Culture. T. thermophila strain C3V cells were grown using a rotary shaker at 30°C in 2% PPYS (2% proteose peptone, 0.2% yeast extract, and 0.003% sequestrine) to mid-logarithmic phase (2.5 x 105 cells/mL) before lysis and SI00 extract preparation.
Sequence-Specific DNA Chromatography Media. Sequencespecific DNA chromatography media were prepared essentially as described (Ostrowski & Bomsztyk, 1993) Preparation of SI00 Extracts and Purification of ssA-TIBF. S100 extracts were prepared essentially as described (Greider & Blackburn, 1985 All subsequent manipulations were carried out at 4°C. Typically, 30 mL of S100 extract (4 mg/mL protein) was loaded onto a phosphocellulose column (2.5 x 10 cm) equilibrated with HMG buffer with 50 mM NaCl. The column was washed with 2.5 column volumes of the same buffer at a flow rate of 20 mL/h. ssA-TIBF was eluted with HMG buffer containing 250 mM NaCl. This partially purified fraction (11 mg of total protein, 10-fold purification) was loaded onto a sequence-specific DNA (Type I ssA45) affinity column (1.0 x 2.5 cm) in HMG buffer containing 100 mM NaCl. The column was washed with 10 volumes of the same buffer at a flow rate of 10 mL/h and eluted using a linear gradient of NaCl (100 mM to 1 M) in HMG buffer. The fractions containing ssA-TIBF (400 mM NaCl) were pooled (0.15 mg of protein, 45-fold purification), diluted to 100 mM NaCl with HMG buffer, reloaded onto the same column, and eluted, resulting in an additional 22-fold purification. The overall yield of ssA-TIBF was~4 pg of ssA-TIBF (33% yield). The overall purification obtained was 9900-fold.
Protein Determination. Protein concentration was measured by the method of Bradford using bovine serum albumin (BSA) as standard (Bradford, 1976) . For very dilute column fractions, protein concentration was estimated on the basis of the intensity of stained bands after SDS-polyacrylamide gel electrophoresis (Laemmli, 1970) and silver staining (Merril et al, 1981) .
Oligonucleotide Probes and Competitors. Synthesized DNA oligonucleotides were purified by reverse-phase HPLC or by preparative polyacrylamide gel electrophoresis (Ausubel et al, 1987) . Concentrations of oligonucleotides were determined spectrophotometrically. Oligonucleotides were end-labeled with [y-32P]ATP using T4 polynucleotide kinase (Sambrook et al., 1989) and purified using Micro Select-D spin columns.
Gel Mobility Shift Assays. Gel mobility shift experiments were performed essentially as described (Umthun et al, 1994) . Typically, 0.1 ng of 32P-labeled oligonucleotide was incubated with 0.01-0.15 ng of affinity-purified ssA-TIBF for 15 min on ice. Standard reaction mixtures contained 20 mM HEPES (pH 7.9), 200 mM NaCl, 1 mM MgCl2, 1 mM DTT, 0.1 mM Pefabloc SC, 2 pg/mL leupeptin, 1 pg/mL pepstatin, and 10% glycerol (v/v) in a total volume of 20-40 /<L. For binding competition assays. 1 pL of an unlabeled oligonucleotide at the appropriate concentration in STE |1(X) mM NaCl. 10 mM Tris/HCI (pH 7.5). and I mM EDTA| was added prior to the addition of ssA-TIBF.
Samples were subjected to electrophoresis in 5% polyacrylamide gels in 0.6 x Tris-borate-EDTA buffer (Ausubel et al., 1987) Figure 4B ).
An apparent K,\ was estimated from the resultant hyperbolic binding isotherm ( Figure 4C : K,\ = [ssA-TIBF] at 50% maximal binding) (Ausubel et al., 1987) . (2) A constant amount of ssA-TIBF was titrated with increasing amounts of Type I ssA37 oligonucleotide ( Figure 4D ). An apparent K,i was calculated from the resultant linear double-reciprocal plot ( Figure 4E) (Freifclder, 1982) . (Umthun et al., 1994) . To more rigorously examine the binding characteristics of ssA-TIBF. we first purified ssA-TIBF M0000-fold using a combination of phosphocellulose and sequence-specific DNA affinity chromatography (see Experimental Procedures). The purified fractions were pooled and analyzed by SDS-polyacrylamide gel electrophoresis followed by silver staining. One major band was observed migrating as a polypeptide of 24 kDa (Figure 2 (Figure 1 ). This region was of special interest because it contains the determinant of the replication disadvantage of B-relative to C3-rDNA (Larson et al., 1986; Yaeger et al., 1989) . Moreover, in wild-Type C3-rDNA. these sequences are identical for the Type lb and Ic repeats ( Figure  1C) , and C3-rmm mutations that affect rDNA replication and/ or maintenance in the macronucleus are due to single base pair deletions within one of these two repeats (asterisks in Figure IB ) (Larson et al.. 1986; Yaeger et al., 1989 (Figure 3) . Sequences of the oligonucleotides used in these experiments are shown in Figure 3A . Figure 3B , C).
These results established that ssA-TIBF has nearly 100-fold higher affinity for Type 1 ssA37 than for Type I ssA33 ( Figure 3C) . Therefore, the ssA-TIBF binding site extends beyond the conserved Type I repeat into 3' flanking DNA. (Figure 4) . In the experiment shown in Figure   4B , increasing concentrations of purified ssA-TIBF were incubated with a constant concentration of the Type I ssA37 probe. When the fraction of oligonucleotide bound was plotted as a function of ssA-TIBF concentration, a hyperbolic curve was obtained, suggesting that ssA-TIBF binds to Type I ssA37 with no cooperativity ( Figure 4C ). Saturation occurred with >97% of the oligonucleotide bound. In the experiment shown in Figure 4D, Figure 4B , C (Kd 007 0 01 0 02 0 03 0 04 0 06 0 08 0 13 0 19 0 28 0 43 0 64 0 96 14 2.2 3 2 4 9 (Figure 5A ). Both C3-rDNA oligonucleotides were much stronger competitors than their B-rDNA counterparts: there was at least a 25-fold difference in the affinity of ssA-TIBF for C3-versus B-rDNA sequences ( Figure 5B. C). These striking differences in binding affinity parallel the difference in replication efficiency of the C3-and B-rDNA alleles in vivo (see Diseussion).
ssA-TIBF Also Binds with High Affinity to the rRNA Gene Promoter. The Type Id repeat adjacent to the rRNA transcription initiation site has been shown to be an essential promoter element in in vitro transcription studies (Miyahara et al., 1993; R. Pearlman. personal communication). The promoter Type I repeat differs from the three upstream Type I repeats at 8 out of 33 positions in the conserved element, and there are additional sequence differences in the 3' flanking DNA (see Figure I) promoter Type I element as well as for the upstream copies of the Type I repeat ( Figure 6B ,C).
DISCUSSION
Evolutionarily conserved Type I repeat sequences have been implicated in the control of both replication and transcription of rDNA in Tetrahymena tliermophila (Larson et al., 1986 : Miyahara et al., 1993 . Previously, we reported the identification in Tetrahymena of a sequence-specific single-stranded DNA binding protein, ssA-TIBF. that specifically recognizes the Type I repeat sequence (Umthun et al., 1994) . In the present study, wc demonstrate that purified ssA-TIBF recognizes sequences both within and flanking the 33 nt conserved Type I repeat, and binds with high affinity (Afj = 3.0 x 10 10 M). In in vitro binding competition experiments. ssA-TIBF has 25-fold lower affinity for sequences that correspond to those in the B-rDNA allele, which has reduced replication efficiency in vivo. In addition, ssA-TIBF specifically interacts with both the promoter Type I repeat sequence and Type I repeat sequences in the replication origin region. The results of our in vitro binding studies, therefore, support the hypothesis that ssA-TIBF could be involved in control of replication and/or transcription of rDNA in vivo.
A predominant 24 kDa polypeptide was observed in purified ssA-TIBF by SDS-polyacrylamide gel electro- (Figure 1) . Nevertheless, the affinity of ssA-TIBF for the promoter Type Id repeat equals or exceeds its affinity for the extended Type lb repeat. Accurate initiation of rRNA transcription in both T. pyriformis (Miyahara et al., 1993) (Umthun et al., 1994) , this study demonstrates that additional sequences which make a major contribution to ssA-TIBF binding affinity are located outside the conserved element. It should be noted, however, that although ssA-TIBF can distinguish between the C3-and B-rDNA alleles in vitro, several induced C3-rmm mutations are due to a single base pair deletion in the central tract of 11 A residues in copies of the Type 1 repeat (Larson et al., 1986; Yaeger et al., 1989 (Hofmann & Gasser, 1991; Kuno et al., 1990 Kuno et al., . 1991 Schmidt et al., 199l; Zeidlere/a/., 1993) . Currently, there is no evidence that any of these proteins function directly in DNA replication (Cockell et al., 1994; Zeidler et al., 1993) . The second class of proteins that recognizes the ARS core consensus sequence includes two multiprotein complexes that bind with high specificity to the ARS element in double-stranded DNA: core binding factor (CBF) (Estes et al., 1992 ) and the origin recognition complex (ORC) (Bell & Stillman, 1992) . Compelling genetic evidence that ORC not only is required for DNA replication but also plays a role in transcriptional repression in yeast has been obtained recently (Bell et al., 1993; Foss et al., 1993; Li & Herskowitz, 1993; Micklem et al., 1993 (Dailey et al, 1990) . As is the case for ssA-TIBF, the physiological significance of these proteins is not known. In contrast, the single-stranded DNA binding protein RPA binds preferentially to the pyrimidine-rich strand of the SV40 origin of replication (Kim et al., 1992; Carmichael et al, 1993) and has been shown to be essential for the initiation of SV40 replication in vitro (Wobbe et al., 1987; Wold & Kelly, 1988; Fairman & Stillman, 1988) . In addition, many single-stranded DNA binding proteins that interact specifically with DNA sequences involved in transcriptional regulation and recombination have been reported (e.g., Gaillard & Strauss, 1990; Santoro et al, 1991; Jansen-Durr etal., 1992; Carmichael etal., 1993; Hsu etal, 1993; Wang etal., 1993; Ito et al., 1994; Luche et al., 1993; Tzfati et al, 1992;  Yamazaki et al., 1992).
The potential importance of single-stranded DNA binding proteins that recognize specific sequences in replication origin regions is emphasized by consideration of the probable structure of eukaryotic origin regions during initiation. Extensive unwinding of origin regions has been suggested in sea urchin embryos (Baldari et al., 1978) , Xenopus embryos (Gaudette & Benbow, 1986) , and the Chinese hamster ovary DHFR amplicon (Linskens & Huberman, 1990 ). Thus, the Type I repeat sequences in the Tetrahymena rDNA origin region could exist in a partially or fully singlestranded configuration during interphase. This possibility is reinforced by the observation that the rDNA origin region encompasses a large DNA unwinding element (DUE) Du et al, 1995 (Umek & Kowalski, 1988; Kowalski & Eddy, 1989; Lin & Kowalski, 1993 (Handeli et al., 1989) , the human /3-globin gene region (Kitsberg et al., 1993) , and the Tetrahymena rDNA [reviewed in Kapler (1993) Biochemistry, Vol. 34, No. 14, 1995 4591 replication system has been reported in Tetrahymena, it is not yet possible to directly assess the role of ssA-TIBF in rDNA replication. Nevertheless 
